One fundamental assumption in statistical physics is that generic closed quantum many-body systems thermalize under their own dynamics. Recently, the emergence of many-body localized systems has questioned this concept, challenging our understanding of the connection between statistical physics and quantum mechanics. Here we report on the observation of a many-body localization transition between thermal and localized phases for bosons in a two-dimensional disordered optical lattice. With our single site resolved measurements we track the relaxation dynamics of an initially prepared out-of-equilibrium density pattern and find strong evidence for a diverging length scale when approaching the localization transition. Our experiments mark the first demonstration and in-depth characterization of many-body localization in a regime not accessible with state-of-the-art simulations on classical computers.
Already in his seminal work on localization, Anderson emphasized the implications of localization on the thermodynamics of closed quantum systems [1] . The absence of thermalization is truly remarkable when it persists for generic interacting systems. Recently, new perturbative arguments suggested the existence of such non-thermalizing, many-body localized systems at low energy [2, 3 , and references therein], and soon after these arguments were extended to all interaction strengths and energy densities for systems with a bounded spectrum [4, 5] . The implication, nothing less than a breakdown of equilibrium statistical mechanics for certain generic macroscopic systems, triggered tremendous theoretical efforts [6] [7] [8] . Furthermore, the breakdown of the eigenstate thermalization hypothesis [9] [10] [11] [12] due to the failure of these systems to act as their own heat bath implies the persistence of initial state information, which might serve as a useful resource for quantum information technologies [13] . Several other remarkable features of many-body localization (MBL) have been uncovered, such as the description of fully localized systems by coupled localized integrals of motion [14, 15] . This underlies the absence of particle transport, but allows the "transport" of phase correlations, leading to a characteristic logarithmic growth of the entanglement entropy in the case of short range interactions [16] [17] [18] [19] [20] . Another distinctive feature as compared to non-interacting low dimensional systems is the requirement of a nonzero disorder strength for the localized phase to appear [21, 22] . Recently, the first experimental observation of many-body localization in a quasi-disordered one-dimensional (1D) Fermi lattice has been reported [23, 24] . These studies explored the behavior at long times and high energy density distinct to earlier experiments with noninteracting systems [25] [26] [27] [28] [29] or ultracold atoms focusing on the low energy sector [30] [31] [32] [33] [34] [35] [36] [37] . Indications for localization in Fock space, one characteristic property of MBL [2] , have been reported in short ion chains [38] and MBL has been suggested as one possible explanation for the recently observed vanishing conductance in disordered superconductors at nonzero temperature [39] . Despite intensive theoretical and experimental efforts, however, many aspects of many-body localization are still not fully understood, especially in the vicinity of the localization transition and beyond the 1D case [40] .
Here, we address the open question of the existence of a many-body localization transition in two dimensions (2D), which we observe experimentally and for which we provide a first characterization. In particular, we report on the in-situ study of thermalization and transport in a disordered 2D bosonic optical lattice. By tracking the time evolution of an initially prepared density domain wall for variable disorder strengths, we reveal the fairly sharp onset of non-thermalizing behavior above a critical value. The observed localization transition is found when the disorder, the single particle bandwidth, the onsite interaction and the energy density are all of comparable strength. This regime of parameters, being far from the disorder dominated (classical) and the interaction dominated limits, is highly non-trivial from the theoretical perspective. Precise and direct characterization of the projected disorder potential by site resolved spectroscopy allows for a direct comparison of our results with a numerical prediction for the non-interacting model, highlighting the dramatic differences and pointing out the key role of interactions. Furthermore, by locally comparing the observed density profiles to a thermalizing reference Schematics of the experiment and raw images. a, A two-dimensional random disorder potential is imaged onto a single atomic plane in an optical lattice. The disorder is controlled by a digital mirror device (DMD), which converts a gaussian laser intensity profile into a two-dimensional random intensity distribution with spatially uniform average light intensity (bottom image). The limited numerical aperture (NA=0.68) of the microscope objective introduces a finite correlation length and leads to a smoothing of the disorder distribution. Lower right histogram (red bars) is the measured disorder distribution and its asymmetric gaussian fit curve (red solid line), where ∆ is the full-width half-maximum of the disorder distribution. Distinct to the other two images showing original and smoothed (middle image) light intensity distributions, the top most image displays the local disorder potential determined by in-situ spectroscopy [41] . The yellow circle on the lower images indicates the spectroscopically calibrated region. b, Raw fluorescence images (red to yellow corresponds to increasing detected light level) showing the evolution of the initial density step without disorder. The left column shows single images (isolated red dots are individual atoms) of the parity projected atomic distribution for the indicated evolution times. The right column displays the mean density distribution averaged over 50 different disorder potentials. The top most picture is the initial state for which the analysis region (dx × dy = 5 × 31) is indicated by the white box. For the high disorder case shown in c the detected initial state filling is slightly lower, which is an artifact of the parity projection [41] . Distinct to b, traces of the initial state remain for all times in the disordered case. The white guide lines in the averaged density profiles after t = 249 τ highlight the difference.
measured without disorder, we obtain strong indication for a diverging length scale when approaching the transition from the localized side.
Our experiments began by preparing a twodimensional approximately unity filled Mott insulator of bosonic rubidium-87 atoms in a single plane of a cubic optical lattice with lattice spacing a lat = 532 nm. We ensured the initial state to be separable by freezing out any motion at a lattice depth of 40 E r in the x and y directions, where E r = h 2 /8ma 2 lat is the recoil energy, h the Planck constant, and m the atomic mass. Next, we optically removed the right half of the atomic population using a digital mirror device based spatial light modulator [42] such that approximately N = 125(11) atoms remained in lattice sites located at x < 0, thus, preparing a sharp density domain wall. For each experimental realization a new computer-generated random disorder pattern drawn from a uniform distribution was displayed on the light modulator and subsequently projected onto the atoms, see Fig. 1a . The optical projection results in a slightly asymmetric disorder distribution and a convolution of the disorder with the point spread function of the imaging system leads to a finite disorder correlation length 0.6 a lat and a narrowing of the distribution to a width ∆ [41] . The disorder was characterized directly using single site resolved spectroscopy of the atomic sample and the topmost disorder picture in Fig. 1a displays the result of one such spectroscopic measurement for the configuration shown in the two images below. The dynamics of the initial domain wall was then initiated by lowering the x and y lattice depths to 12 E r in 5 ms, which is less than one tunneling time. Next, we allowed the system to evolve for a variable time t in the disorder potential after which the local parity projected density was measured by fluorescence imaging [43] .
During the dynamics, the system is described by a twodimensional Bose-Hubbard Hamiltonian with onsite dis-
Hereâ † i (â j ) is the bosonic creation (annihilation) operator,n i =â † iâ i the local density operator on site i = (i x , i y ) and the first sum includes all neighboring sites. A harmonic trapping potential
y )/2 with frequencies (ω x , ω y ) = 2π × (54, 60) Hz in x and y direction confines the atoms around the trap minimum. The nearest-neighbor hopping strength at a lattice depth of 12 E r is J/h = 24.8 Hz corresponding to a tunneling time of τ = h/2πJ = 6.4 ms, and longer range hopping terms are neglected as they are exponentially suppressed. The onsite interaction strength is U = 24.4 J and δ i denotes the onsite disorder potential. For these parameters, in the absence of disorder, the system's ground state is in the Mott insulating phase, however, with strong particle hole fluctuations [44] .
For reference, we first tracked the evolution without any disorder potential applied. Already from the bare images shown in Fig. 1b it becomes apparent that the initially prepared density step is smeared out after a few tens of tunneling times τ and after longer time no information about the initial density step remains. The observed density distribution appears thermal, and neglecting quantum fluctuations at 12 E r , that is, assuming decoupled sites, we extracted an upper limit of the temperature of T < 0.54(1) U/k B , where k B is the Boltzmann constant [43] . The corresponding energy per particle of E T /N = 0.58(1) U agrees with the expectation for a thermalized state. Here, the energy density of the initial outof-equilibrium state contributes with E 0 /N = 0.28(3) U , determined by the initial thermal energy, the harmonic trap with frequency ω x and the heating during the 2 s evolution time (E H /N = 0.18(6) U ) used in this measurement [41] . On the contrary, repeating the measurement with strong disorder, traces of the initial state remain and the system does not relax to a thermal state with a spatially symmetric density distribution expected for thermal state (see Fig. 1c) .
A direct and model free quantity to identify a nonthermalized state is the density asymmetry quantified by a nonzero left (N L ) and right (N R ) atom number im-
, which we analyze, as all other extracted quantities, in a central region of interest extending over 5 lattice sites in the y-direction. The zero line x = 0, separating left and right, is defined by the position of the initial density step and was precisely aligned to the closest lattice site to the trap center resulting in an offset of up to ±1 lattice sites, corresponding to I ± 0.05. The evolution of the imbalance, see Fig. 2 , confirms that for all disorder strengths the system reaches a quasi steady state within approximately 150 τ . For small disorder strengths we find a vanishing imbalance, while for large disorder a nonzero imbalance remains even for long evolution times. We interpret this latter regime as 
FIG. 2.
Relaxation dynamics of a density domain wall. The evolution of the imbalance I shown for five different disorder strengths ∆/J = 0 (dark green), 3 (medium green), 4 (light green), 8 (light blue) and 13 (dark blue) displays a saturation behavior towards a quasi steady state for all disorder strengths. For low disorders (green curves) the asymptotic value of the imbalance is vanishing, while a finite imbalance remains for higher disorder (blue). The solid lines are fits to the data with I = I0 exp (−t/ts)+I∞, of which the decay time ts is plotted versus disorder strength ∆ in the inset. Error bars are one standard deviation of the mean in the main figure and 95% confidence bounds of the fit parameters in the inset. the many-body localized phase, where the observed quasi steady state is clearly non-thermal and transport through the system is blocked. The relaxation time t s , extracted by an exponential fit to the data, increases with disorder strength and interestingly saturates in the non-thermal regime (see inset of Fig. 2 ). We now turn to a series of measurements where we fix the evolution time to approximately 190 τ , which is well in the quasi steady state regime but short enough to keep effects due to noise induced coupling to higher energy bands and atom number loss negligible. On this timescale, we also expect the effects of low frequency noise on the disordered system to be small. Considering the measured heating rate in the non-disordered system as an upper bound for the energy increase, the energy per particle would change by only approximately 10% within one relaxation time t s . Small couplings with the environment might possibly lead to relaxation of the quasi steady state on timescales much longer than our experimental time scale [45] [46] [47] [48] .
The transition from zero to nonzero imbalance I ∞ for large disorder indicates the presence of a thermalizing phase for low disorder strengths and an apparent transition to a localized phase at higher disorder. In order to locate a many-body localization transition, we recorded a series of measurements with fixed evolution time in the quasi steady state regime and scanned the disorder around the critical value, see Fig. 3 . We find . The data shows a sharp onset of nonzero quasi steady state imbalance I at a disorder strength of ∆c,I = 5.5(4) J and the solid line is a double linear fit described in the text to extract the critical disorder. The inset illustrates the sharpening of the transition versus time and demonstrates the saturation of its shape by showing the imbalance extracted from the fits in Fig. 2 at different evolution times. b, Deviation from the zero disorder thermal profile measured by the root-meansquare density difference δn at various disorder strengths. The relaxed density profiles differ by more than the random position induced measurement noise from the thermal profile abruptly above the critical disorder strength ∆ c,δn = 5.3(2) J. The inset shows the averaged reference density profile for zero disorder (green) and the averaged profile at a high disorder of ∆ = 13 J (blue). Error bars are one standard deviation of the mean.
a fairly sharp onset of nonzero steady state imbalance at a disorder strength ∆ c,I = 5.5(4) J indicating the transition is taking place in the system, where we extracted the critical disorder from a simple, double linear fit I(∆)
In the vicinity of the transition, slow sub-diffusive transport has been predicted [21, 22, 40, 49, 50] suggesting that our measurements might not have reached a true steady state in this regime. Because of this, it is possible that if we were able to study much longer times, the resulting transition might move towards stronger disorder. Our high resolution detection allows for a local comparison of the measured density profiles with the equilibrated thermal profile observed at vanishing disorder. In Fig. 3b we use this method as a more sensitive probe to detect deviations from the thermal profile by calculating the root mean square deviation δn
of the vertically (y-direction) averaged reference profile n i (0) = 1 5 2 j=−2 n i,j (0) and the finite disorder profiles n i (∆). We observe that the profiles start to deviate at ∆ c,δn = 5.3(2) J with a fairly sharp kink signaling the transition, which is quantitatively consistent with the imbalance measurements. While in the non-interacting case, localization is predicted for vanishingly small disorder strength, the finite interaction U in our system promotes thermalization. This is consistent with our observation of a thermal behavior at non-zero ∆. However, as the disorder strength is increased above a critical value, the localization is restored, which is remarkable, especially from the fact that this transition takes place in the regime where the disorder ∆, the interaction U , and the single particle bandwidth 8 J are comparable.
The MBL phase transition is expected to be a continuous transition [21, 22, [51] [52] [53] for which one expects a characteristic diverging length scale when approaching the transition. With our experiments, we have direct access to the steady state decay length ξ(∆) of the initially prepared density step, which is directly related to a density-density correlation length. To minimize the influence of the external trap, we reference the density profile n i (∆) to the thermal profile n i (0) by calculatingn i (∆) = n i (∆)/n i (0), see Fig. 4a . The observed decay is found to be well captured by an exponential fit n i (∆) ∼ e −λ(∆)i with a disorder dependent decay constant λ(∆) = 1/ξ(∆). A priori, we would have expected a crossover from a interaction dominated decay to a single particle dominated decay at low densities present at the outer edge of our sample, however, within the experimental uncertainty we cannot identify such an effect. We directly observe the diverging behavior of the decay length ξ(∆) when approaching the transition from the localized side, see inset of Fig. 4b . The related decay constant λ(∆), also shows a very sharp kink at ∆ c,λ = 5.3(3) J, marking the onset of the localized region. We empirically obtain the critical disorder ∆ c,λ using the bilinear fit function, λ(∆)
We emphasize, that all three methods to extract the critical disorder strength of the MBL transition in the experiments agree within the fit errors.
In order to experimentally verify that the observed behavior of the system is induced by interactions, we reduced the initial density and therefore the effects of the interaction on the dynamics while keeping the initial energy per particle E 0 /N constant. Lower atomic densities are obtained by uniformly transferring a given fraction of the atoms by applying a microwave pulse to another hyperfine state and subsequently removing optically the transferred population. When reducing the density by factor of four, we observe a clear shift of the localization transition towards lower disorder strength as is expected, see Fig. 5 . Here, the left-right imbalance I(∆) displays a sharp transition behavior at a smaller critical disorder of ∆ c,I
3.6(2) J. Furthermore, the numerical prediction for a non-interacting system obtained by exact diagonalization [41] is fully incompatible and strongly differs from both measurements, showing that the interactions facilitate thermalization for low disorder strengths. Reducing the system size by preparation of a smaller initial Mott insulator did not affect the observed critical disorder [41] . From these observations, we conclude that the nonzero critical disorder strength is due to the interactions and that the measured critical disorder value is not strongly influenced by the small external driving due to laser fluctuations discussed above.
In conclusion, our experiments provide the first evidence for many-body localization in two dimensions by the observation of a transition from a thermalizing phase to a localized phase of interacting bosons in a disordered optical lattice. The system size analyzed in our experiment is far beyond numerically accessible scales, demonstrating a non-trivial quantum realization of the MBL system that challenges both analytical and numerical theory. Furthermore, we supplemented our observation of a MBL transition with the demonstration of a clear shift of the transition point for effectively smaller interaction energy. Even though it is difficult to distinguish a true phase transition from a sharp crossover within experiments, our results mark a first step in understanding many-body localization in more than one dimension, and can be extended to obtain detailed information about the nature of the MBL transition, such as its dynamical critical exponent [21, 22] . Furthermore, supplementing transport experiments with density-density correlation measurements offer a promising possibility to demonstrate ongoing phase dynamics in the localized phase while the density or charge transport is frozen [38, 54] . By detailed studies of the dynamics of transport it should also be pos-sible to study Griffiths effects and sub-diffusive transport in the vicinity of the transition [21, 22, 40, 49, 50] . Besides dynamical properties our technique might allow to probe many-body eigenstate related properties, such as the local integrals of motion [14, 15] defined via local operators [53] .
SUPPORTING MATERIAL I. INITIAL STATE PREPARATION AND DETECTION OF THE ATOMS
To prepare the density domain wall, we started with a two-dimensional Mott insulator of 0.90(5) parity projected central density deep in the atomic limit at 40 E r in x and y direction. Next, we used σ − polarized laser light with a wavelength of 787.55 nm to induce a differential light shift of h × 10 kHz between the |F, m F = |1, −1 and |2, −2 states for the atoms in the left half of the system [42] . A microwave sweep selectively transferred the non-illuminated atoms in the right half to the |2, −2 state before they were removed using resonant light on the cycling transition of the D2 line. Finally, we transferred all remaining atoms to |2, −2 before adiabatically turning on the σ − polarized disorder potential at 787.55 nm. The whole preparation took 90 ms after which we initiated the domain wall dynamics by ramping down the lattices to 12 E r in 5 ms.
In order to detect the atoms after the dynamics, the lattice depth was suddenly increased to 40 E r , freezing out all motion and, subsequently, the parity projected density distribution was measured by single-site resolved fluorescence imaging [43] . Information about multiply occupied sites is lost due to the parity projection, however, the effect is small in the presented experiments. We expect occupation numbers of three or more to be negligible and from the decrease of the detected atom number after the evolution, we estimate the fraction of doubly occupied sites to be 2% in the uniform system and 9% for strong disorder of ∆ = 17 J.
II. DISORDER POTENTIAL
The two-dimensional random potential was generated using a digital micro-mirror device (DMD) with 1024 × 768 binary pixels and a micro-mirror size of 13.7 µm. Approximately 7 × 7 of these mirrors were focused to one lattice site, which gave us the ability to create grayscales. We used pseudo-random numbers to generate a twodimensional random pattern, which is then transferred to the DMD (Fig. 6a) . For the creation of the disordered light pattern we reflected a gaussian shaped laser beam from the DMD surface, which was projected onto the atoms through the high-resolution objective with a numerical aperture of 0.68. We multiplied a global profile to the disorder pattern to cancel the intensity distribution of the initial gaussian laser beam. The DMD surface acts as an optical grating and the following optics as a spatial low pass filter. Depending on the displayed micromirror pattern, which depends on the set gray value per lattice site, the Fourier composition of the reflected light changes, which led to the observed asymmetry in the disorder distribution [55] . Furthermore, the low-pass filtering smoothed the disorder distribution and induced a finite correlation length of ζ in the disorder potential seen by the atoms. We precisely characterized the disorder potential by spectroscopically measuring the light shift at each lattice site via microwave spectroscopy between the |1, −1 and |2, −2 states. The measured local resonance shift at each lattice site ν(x, y) thus directly corresponds to the local random potential (Fig. 6c) . From this measurement, we analyzed the auto-correlation function C(x, y) and extracted the finite correlation length of the random potential. Here, C(x, y) is calculated from
where ∆ν(x, y) = ν(x, y) − ν m is the fluctuation of the light potential at each lattice site with respect to the mean potential depth ν m and the outer bracket indicates averaging over four different disorder patterns. Averaging C(x, y) over the vertical or horizontal direction reveals the auto-correlation profiles C. These profiles are found to decay exponentially C = C 0 exp (−l/ζ) with distance l and a correlation length ζ = 0.6(0.1) a lat . The measured correlation length agrees well with the simulated value ζ N A = 0.64 a lat due to the finite resolution of the imaging system. For the measurements reported here it is crucial to ensure a homogeneous average disorder light level across the cloud and in particular to rule out the presence of large scale intensity gradients perpendicular to the density domain wall. We confirmed that the overall uniformity of our light pattern is better than 5% by shining a flat intensity distribution onto the atoms and measuring the local potential. Furthermore, we tested the uniformity by evolution of the many-body system in a strong (V 0 = 50 J) uniform offset potential and found a symmetric steady state distribution in the trap. Moreover, we compared the steady state density profiles after evolution in a disorder potential for the cases of an initial state prepared on the left and on the right and found no significant difference.
III. HEATING DYNAMICS OF MOTT INSULATOR
Fluctuations of the optical lattice pointing and intensity result in heating of the many-body system which is dependent on the spectral characteristics of the noise and the many-body system. To estimate the energy increase during the evolution time we measured the heating rate at 12 E r lattice depth assuming decoupling of the lattice sites (atomic limit) [43] . The decoupling assumption might lead to a small overestimation of the temperature due to quantum mechanical particle-hole fluctuations present in the system. As shown in Fig. 7 , the temperature and energy density increased approximately linearly upto 2 s. The heating rate was obtained by a linear fit, which yieldedṪ = 0.11(2) U/s and a corresponding rate for the energy densityĖ/N = 0.09(3) U/s. Here, U = h × 601 Hz is the onsite interaction energy for 12 E r lattice depth. This heating rate estimate was measured close to the superfluid -Mott insulator transition point, where the system is most susceptible to external noise. Thus, we expect it to be an upper bound for the coupling to external noise sources in the case of non-vanishing disorder. Imbalance I as function of disorder ∆ for two different system sizes. We changed the initial radius of the Mott insulator from 9 (i, light blue) to 7 (ii, dark blue) lattice sites by tightening the external trap, but observed no change in the critical disorder strength. The insets show a representative fluorescence image of the initial density distribution for each case. Error bars are one standard deviation of the mean.
IV. SYSTEM SIZE EFFECT
To check for finite size effects we studied the localization transition in a smaller system. We reduced the initial atom number by 60% to N = 75(10) and the radius of the initial Mott insulator shrunk from 9 to 7 sites. To keep the energy per particle E 0 /N constant, we increased the trap frequency to ω x = 2π × 65 Hz. As shown in Fig. 8 , there is no visible change in the critical disorder extracted from the imbalance measurements. The fitted critical disorder for the small system is ∆ c,I = 5.4(6), consistent with the value ∆ c,I = 5.5(4) J found for the larger system.
V. NUMERICS FOR NON-INTERACTING ATOMS
We used exact diagonalization to simulate the behavior of non-interacting atoms in the disordered optical lattice. The simulations optionally include the harmonic confinement with a trapping frequency of ω x = 54 Hz as present in the experiment. We chose a square lattice with 31×31 lattice sites, the same as the size of the disorder pattern in the experiment. The experimentally realized disordered intensity distributions were modeled by squaring a two dimensional array of random numbers between zero and one and afterward convolving it with a normalized two dimensional Gaussian with a standard deviation of 0.5 a lat . This reproduces the measured correlations and the distribution of the onsite energies of the experimental disorder Numerics for non-interacting atoms. Imbalance I as function of disorder strength ∆ simulated with the confining harmonic potential (dark blue) compared to a system without trap (light blue). The imbalances for both configuration agree well with each other at strong disorder. The imbalance shows a slight difference at lower disorder because of the harmonic trap, which induces a level shift of the lattice potential and can localize particles more easily under weak disorder. All simulations were averaged over at least 100 disorder realizations and the standard deviation of the mean is smaller than the point size.
realizations (Fig. 1) . Finally, the disorder strength was set by multiplying the obtained distribution by a global scaling factor. All simulations were repeated for 100 different disorder realizations and the observables were averaged over these realizations. We verified that the observables depend only slightly on the exact shape of the disorder distribution when fixing the spatial correlations of the patterns. In particular, we compared the experimentally measured distribution to a symmetric gaussian distribution with the same full width at half maximum and found little difference. Our simulations started from an initial state with all lattice sites in the left half of the system occupied that have a geometric distance below 9 lattice sites from the center. This corresponds to 133 atoms and agrees well with the experimental studied clouds. The imbalance was extracted from the central 5 lines perpendicular to the domain wall, exactly in the same way as it was done for the experimental measurements. The confining harmonic dipole potential only influences the imbalance at lower disorder strength, where the trap induced onsite energy difference dominates over the disorder energy shifts (Fig. 9) .
